We investigated the association between adulthood weight change and CRC risk in a prospective study with 24-34 years of follow-up among 90,988 women and 46,679 men. The primary exposures included weight change from early adulthood (age=18 for women, 21 for men) to baseline enrollment (median age=43 for women, 52 for men), and from baseline to present. In the secondary analyses, we also assessed 4-year weight change during follow-up, and during premenopausal (from age 18 to menopause) and postmenopausal (from menopause to present) periods in women. Compared to men maintaining their weight from age 21 to baseline, those who gained 20kg or more were at a higher risk of CRC (relative risk [RR], 1.64; 95% confidence interval [CI], 1.15-2.35, P for trend<0.001), whereas those who lost 8kg or more had a lower risk (RR, 0.61; 95% CI, 0.30-1.22, P for trend=0.003). Similar but weaker associations were found in women and the corresponding RRs were 1.38 (95% CI, 1.13-1.69, P for trend<0.001) and 0.80 (95% CI, 0.58-1.09, P for trend=0.21). Weight change from baseline to present was not associated with CRC risk. Four-year weight change during follow-up was positively associated with CRC risk in men (P for trend=0.03) but not in women (P for trend=0.42). In addition, in women, weight change before, but not after, menopause was associated with CRC risk. Our findings provide further scientific rationale for recommendations to maintain a healthy body weight during adulthood. A potential differential association according to sex and timing of weight change warrants further investigation.
INTRODUCTION
Colorectal cancer (CRC) is the third most commonly diagnosed cancer and the fourth leading cause of cancer death in the world.(1) Despite the convincing evidence that overweight and obesity increase CRC risk,(2) the influence of weight change on CRC incidence remains poorly understood. Compared to studies of attained body mass index (BMI), investigation of weight change may better capture the effect of excess body fat during adulthood, and help recommendations about weight control.
Adulthood weight gain has been associated with a higher risk of CRC in several previous studies. (3) (4) (5) (6) (7) (8) (9) (10) (11) However, whether the effects of weight gain vary by gender, timing during the lifespan and tumor subsite remain inconclusive. The obesity-CRC association is generally stronger in men than in women, and stronger for colon cancer, in particular distal colon cancer, than for rectal cancer.(2) Although similar patterns were seen for weight gain in some studies, (4, 10, (12) (13) (14) (15) findings from others were inconsistent. (9, 13) In addition, in most studies body weight data were collected at only two time points to calculate weight change, (6-10, 14, 15) and therefore a more precise assessment of the timing of weight gain on CRC risk could not be determined.
In contrast to weight gain, investigation of weight loss is more challenging and evidence is sparse.(16) Studies are often limited by statistical power due to low prevalence of sustained weight loss among middle-aged adults. In previous observational studies, weight loss was typically characterized by a single category and a statistically significant inverse association with colon cancer risk was reported in only one study. We investigated the association of adulthood weight change with incidence of CRC in two large U.S. cohort studies, the Nurses' Health Study (NHS) and Health Professionals Followup Study (HPFS) . In an earlier examination in the HPFS, we observed a positive association between weight gain and colon cancer; (3) however, that analysis was focused on late adulthood weight gain among only men, and did not examine associations with rectal cancer. In the current study, we present results that encompass weight change in both early and late adulthood in both men and women over 24 to 34 years of follow-up.
MATERIALS AND METHODS

Study population
The NHS included 121,701 U.S. registered female nurses who were aged 30-55 years in 
Exposure assessment
We asked participants their current weight in biennial questionnaires. Recalled weight at age 18 years was inquired in 1980 in the NHS, and weight at age 21 years was inquired in 1986 in the HPFS. In our primary analysis, we assessed weight change in two periods: from early adulthood (age 18 years for women and age 21 years for men) to baseline enrollment, and from baseline to present (updated weight in each questionnaire cycle). These two exposures represent early and late adulthood weight change, respectively. To evaluate more recent effect of weight change, in the secondary analysis we also assessed 4-year weight change during follow-up, which was calculated and updated using repeated weight assessments 4 years apart, except that in the HPFS the first cycle of weight change was approximated by utilizing the recalled weight change 5 years before baseline (i.e., change in 1981-1986). To capture the influence of sustained weight change during follow-up, we performed a sensitivity analysis by restricting participants to those who remained in the same category of 4-year weight change (i.e., loss ≥2kg, loss or gain <2kg, or gain ≥2kg) for at least two consecutive questionnaire cycles over 6 years.(20) In women, we additionally assessed premenopausal and postmenopausal weight changes, which were defined as the weight change from age 18 years to menopause and from menopause up to date, respectively.
In a validation study, we compared self-reported weight to the average of two weight measurements taken by technicians approximately six months apart among a sample of 140 women and 123 men drawn from the two cohorts. Self-reported and measured weights were highly correlated (r=0.97).(21) Recalled weight at age 18 years has also been validated in the parallel Nurses' Health Study II cohort, with a correlation coefficient of 0.87 between recalled weight and weight recorded on college or nursing school records at age 18 years. 
Outcome assessment
In both cohorts, self-reported CRC diagnoses were obtained in biennial questionnaires.
We then asked participants for permission to acquire their medical records. We identified deaths through the National Death Index. For all CRC deaths, we requested permission from next-of-kin to review medical records. A study physician reviewed all records to confirm the CRC diagnosis and to extract relevant information, including anatomic location.
Statistical analysis
To minimize the influence of reverse causation arising from undiagnosed cancer-induced weight loss, we examined the association between weight change and CRC risk by introducing a lagged follow-up of 2 to 4 years. Therefore, for the analysis of weight change from early adulthood to baseline, person-years were calculated from 4 years after the date of baseline questionnaire return to the date of CRC diagnosis, death, or the end of the study period We used Cox proportional hazards regression model with age as the time scale to estimate hazard ratio (as an estimate of relative risk [RR] ) and 95% confidence interval (CI). We adjusted for several CRC risk factors in the multivariable model (see the footnotes of tables).
Test for trend was performed using continuous weight change, and test for trend across weight loss categories was restricted to participants who maintained or lost weight, excluding those who gained weight.
We calculated the population attributable risk conferred by weight gain (≥2kg and ≥5kg) to estimate the percentage of CRC cases in our cohort that, theoretically, would have been prevented if participants had maintained or lost weight, assuming a causal relationship between weight gain and CRC incidence, holding all other risk-factor distributions constant. (24) Cancer Research. On average, women gained 6.4 kg from age 18 years to baseline (mean age=43 years) over an average time of 25 years, and men gained 7.9 kg from age 21 to baseline (mean age=54 years) over an average time of 33 years. Compared to individuals who gained weight, those who lost or maintained their weight were less likely to take aspirin or non-steroidal anti-inflammatory drugs, and more likely to smoke, take multivitamins, undergo endoscopy, exercise regularly, and tended to have a high BMI at early adulthood and low BMI at baseline. They also consumed more folate, calcium and fiber, and less processed red meat, thus overall having a higher score on the healthy eating indices.
Weight change from early adulthood to baseline was associated with CRC risk (P for trend<0.001 in both women and men, respectively. The corresponding figure for weight gain of 5kg or more was 6.8% (95% CI, 1.4-12.1%) in women and 9.7% (95% CI, -0.8-20.0%) in men.
The association of weight change with CRC did not appear to differ according to early adulthood BMI, age at baseline, or anatomical locations of tumors, although a somewhat stronger association was found among leaner and older individuals than among heavy or young individuals, and for distal colon cancer than for proximal colon or rectal cancers Table 4) , although the interaction test achieved statistical significance only in women (P for interaction = 0.05 in women, 0.36 in men). In women, the RR of CRC associated with 10-kg weight gain was 1.19 (95% CI, 1.09-1.29) among regular users of aspirin, and 1.06 (95% CI, 1.00-1.14) among non-users. Table 3 presents the association of weight change from baseline to current time with risk of CRC. No statistically significant association was detected in either sex (P for trend=0.60 in women, 0.21 in men). When stratified by age (Supplementary Table 5 among older individuals, although the difference between age strata was only statistically significant in women (P for interaction=0.03 in women, 0.93 in men). Table 4 shows the association between 4-year weight change during follow-up and risk of CRC. Weight change was associated with CRC in men (P for trend=0.03) but not in women (P for trend=0.42; P for interaction=0.10 by gender). Among men with sustained change, weight gain of ≥8kg was associated with 89% higher risk (95% CI, 16%-208%) and weight loss of ≥7kg associated with 30% lower risk. We did not detect any statistically significant effect modification by age (Supplementary Table 6 ). To examine whether the weaker association for 4-year weight change in women was due to limited duration of the time interval over which weight change was assessed, we evaluated weight change per 10 years and the results were similar (data not shown).
We further investigated whether the association of the timing of weight change in women was related to menopause. As shown in Table 5 , weight change before, but not after menopause, was associated with risk of CRC (P for trend=0.04 and 0.60, respectively). We also stratified by hormone use among postmenopausal women, and the association of weight change with CRC did not differ according to hormone use (P for interaction=0.45, Supplementary Table 7) .
DISCUSSION
In the two large prospective cohorts, we found that weight gain from early adulthood to baseline enrollment was associated with a higher risk of CRC, whereas weight loss was associated with lower risk. The associations appeared stronger in men than in women. Weight change during late adulthood was not associated with CRC risk. For weight change in the recent 4 years, a statistically significant association was observed in men, but not in women. In women, weight gain before, but not after, menopause was associated with CRC risk. However, direct epidemiologic evidence on the association of weight loss with CRC has been sparse and inconsistent. Although surgical weight loss has been inversely associated with the risk of CRC in a few studies, (12, 13, 16, 32 ) the small sample sizes precluded a detailed doseresponse analysis. Similarly, the influence of non-surgical weight loss on CRC remains inconclusive in prospective cohort studies, in which weight loss was typically considered only in a single category due to the small number of cases.(4, 6-10, 15, 33) To our knowledge, our findings provide the first population-based evidence that weight loss during adulthood may be associated with lower risk of CRC.
For weight gain since early adulthood, consistent with previous studies, (4, 6-8, 10, 11, 15) we found a positive association with CRC risk and the association was stronger in men than in women. Although it is possible that the older ages of men compared to women at cohort enrollment contribute to the larger elevation of CRC risk associated with weight gain, we did not find strong evidence that the association between weight change and CRC risk varied by age at baseline in either men or women (Supplementary Table 2 ). On the other hand, our findings are indeed consistent with the notion that obesity has a more marked influence on CRC incidence in men than in women. Consistent with this hypothesis, we observed that weight gain before, but not after, menopause was associated with higher risk of CRC. Alternatively, it is possible that this differential association by menopause may reflect the observation that weight gain during early and middle adulthood seems to be more important than weight gain during late adulthood, as shown in the current study. In agreement with our results, several prior studies also reported a stronger association of weight gain (9) or high BMI (41) 
cancer than that of proximal colon or rectal cancer. This aligns with previous evidence that obesity is more consistently associated with colon cancer, in particular distal colon cancer, than with rectal cancer,(50, 51) and a stronger association between weight gain and distal colon cancer has been reported in several studies. (5, 7, 43) In contrast to weight change from early to middle adulthood, weight change during late adulthood, as reflected by change from baseline to present, was not associated with CRC risk in the current study. It has been shown that body weight tends to increase, peaking at about 65-70 years, and then decrease with further aging. 
with the risk in women.(4) In the Norwegian Counties Study, a stronger association between BMI and colon cancer was reported in women with follow-up of ≥10 years than <10 years, while no difference by duration of follow-up was detected in men. (6) As an analogy to pack-years of smoking, "overweight years" as a measure of cumulative exposure to excess body size has been associated with CRC risk in women.(5) Collectively, these results suggest a longer induction period for the tumorigenic effect of obesity in women than in men. This might be related to the beneficial effect of adipocytes-derived estrogen on obesity-induced carcinogenesis as discussed above.(56) However, give the sparse evidence, further research is warranted to better understand the role of adiposity across the life course on CRC risk.
Some limitations of our study should be noted. First, weight information was selfreported or recalled and thus subject to measurement error. However, robust validity has been established in previous validation studies within the two cohorts.(21-23) Second, although the homogeneity of the study population is a potential limitation, this reduces the likelihood of uncontrolled confounding, and it is unlikely that the observed relationship between weight change and CRC differs substantially from the general population. However, our findings should be confirmed in other populations.
This study also has several strengths, including the two large well-established cohorts, long-term follow-up, and detailed analysis on weight loss. Furthermore, repeated assessments of body weight across adulthood provided us a unique opportunity to examine the potential modification by timing of exposure, and by menopausal status in women.
In conclusion, our results indicate that weight gain from early to middle adulthood is associated with a higher risk of CRC, whereas weight loss during this period is associated with lower risk. The associations appear stronger in men than in women. We do not find strong 
